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SEARCH FOR THE BASOLATERAL POTASSIUM CHANNEL IN THE SHARK 
RECTAL GLAND: FUNCTIONAL AND MOLECULAR IDENTIFICATION OF A 
TASK-1 CHANNEL COUPLED TO CHLORIDE SECRETION 
Connor J. Telles, Sarah E. Decker, Eleanor M. Beltz, William W. Motley, and John N. 
Forrest, Jr. 
Section of Nephrology, Department of Internal Medicine, Yale University, School of 
Medicine, New Haven, CT.  Mount Desert Island Biological Laboratory, Salisbury Cove, 
ME 
In the shark rectal gland (SRG), apical Cl- secretion through CFTR channels is 
tightly coupled to a basolateral K+ conductance.  The identity of this K+ conductive 
pathway is unknown.  Studies were performed in the isolated perfused SRG with 16 K+ 
channel inhibitors at their IC50 and with acidic perfusate.  During maximal chloride 
secretion stimulated by forskolin and IBMX, secretion was inhibited >90% by barium 
chloride, a non-selective inhibitor of K+ channels.  Specific inhibitors of calcium 
sensitive, voltage sensitive, ATP sensitive, and inward rectifying K+ channels had no 
effect on chloride secretion.  The inhibitors quinidine, quinine, bupivicaine, anandamide, 
and low perfusate pH (6.0) abruptly and reversibly inhibited secretion by >90%, 
consistent with the presence of the Two-Pore-Domain (4TM 2P/KCNK/K2P) family of 
K+ channels.  Degenerate primers were designed to regions of high amino acid homology 
in known mammal and teleost 4TM 2P K+ channel subtypes: TWIK, THIK, TASK, 
TREK, and TRAAK.  PCR with cDNA from several shark tissues identified a putative 
TASK-1 fragment (394 bp) in shark rectal gland, brain, gill, and kidney.  5’and 3’ RACE 
PCR was used to obtain the entire 3’ sequence and partial 5’ sequence of the shark gene.  
Genome walking was then used to obtain the remaining 5’sequence, including 335 bp of 
untranslated region sequence upstream of the start codon.  The full length clone (1282bp) 
had an open reading frame encoding a protein of 375 amino acids.  This isoform was 
80% identical at the amino acid level to the human TASK-1 protein (394 amino acids).  
Major structural features of the human protein were conserved in the shark ortholog, 
including the four transmembrane segments (M1-M4), the 2P domains (P1 and P2), short 
NH2- and long COOH-termini, and an extended extracellular loop between M1 and P1.  
Shark and human TASK-1 full-length clones were expressed in Xenopus oocytes and 
studied with two electrode voltage clamp (TEVC) techniques.  Both the shark and human 
TASK-1 channel showed identical current voltage relationships (outward rectifying) with 
a reversal potential near -90 mV compared to water injected controls.  The responses to 
the inhibitor quinine, and the TASK-1 inhibitor bupivacaine, were identical in shark and 
human TASK-1.  However, shark TASK-1 differed from the human ortholog in two 
critical responses: response to pH and the metal zinc.  The pKa for shark TASK-1 was 
7.75 vs. 7.37 for human TASK-1, values that are exceedingly close to the arterial pH for 
each species, suggesting that TASK-1 channels are regulated closely by the ambient pH. 
An antibody specific to shark TASK-1 was generated and expression of TASK-1 protein 
in the rectal gland was confirmed by confocal immuno-fluorescent microscopy which 
revealed localization to the basolateral membrane, with some apical staining.  Shark 
rectal gland TASK-1 appears to be the major K+ channel coupled to secretion in the SRG, 
is the oldest 4TM 2P family member identified to date, and is the first TASK-1 channel 
identified to play an essential role in chloride secreting epithelia. 
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INTRODUCTION AND LITERATURE REVIEW 
Overview and Purpose 
The purpose of this study was to identify the basolateral K+ channel that plays a 
dominant role in chloride secretion in the shark rectal gland (SRG) of the spiny dogfish 
shark, Squalus acanthias.  This unique extrarenal gland has the sole purpose of secreting 
hypertonic sodium chloride allowing the shark to maintain homeostasis in a sea water 
environment (1).  Since the secretory function of the SRG was first described by Wendell 
Burger in 1960 (2), the SRG has become an important model for secondary active 
chloride transport.  The inner workings and regulation of the polarized shark SRG 
epithelial cell have been the subject of intense cellular and molecular biological study for 
over 40 years (3).   
In the SRG, apical Cl- conductance is tightly linked to a basolateral K+ 
conductance.  Since the secreted fluid of the gland is essentially potassium free, K+ entry 
through the basolateral Na-K-ATPase pump and the Na-K-2Cl cotransporter must be 
accompanied by basolateral K+ exit to maintain the driving force needed for Cl- secretion 
through apical CFTR chloride channels (Fig. 1).  In this cell model, K+ channels are 
crucial to overall cell function and equilibrium through two mechanisms.  At the 
basolateral membrane they act to recycle potassium, providing K+ efflux to balance the 
K+ influx via the Na-K-2Cl cotransporter and the Na-K-ATPase.  Furthermore, K+ 
channels help to set the negative membrane potential of the cell, establishing the 
electrochemical gradient necessary for apical chloride transport.  Orthologs in the shark 
of many key genes involved in the hormonally regulated rectal gland cell model have 
been identified, cloned, and their protein products characterized.  These include the apical 
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cyclic AMP-activated shark CFTR chloride channel (4), the shark basolateral Na-K-Cl 
cotransporter (5, 6),  Na-K-ATPase, and receptors for adenosine and C-type naturetic 
peptide (3, 7, 8).  
In spite of extensive efforts, little is known about the molecular identity of the 
dominant K+ channel in the basolateral membrane that is responsible for crucial K+ 
recycling and membrane potential.  This study sought to functionally characterize the 
dominant K+ channel first through perfusion experiments using potassium channel 
inhibitors, and then through molecular studies to identify this channel by PCR-based 
cloning.  Expression studies using the Xenopus oocyte system were then used to 
characterize the channel, correlate electrophysiologic data with that from the perfusion 
studies, and compare the physiology to that of its human counterpart.  
Immunofluorescence studies then were carried out to localize the channel on the cell 
membrane in intact tubules.    
 
Explanation of Model:  Shark Rectal Gland Anatomy and Physiology 
 The shark rectal gland is responsible for secondary active sodium chloride 
secretion that supplements renal salt excretion and is necessary for normal electrolyte 
homeostasis in sharks and other elasmobranches.  Sharks and other marine species are in 
a constant battle against hypernatremia and dehydration, given the high tonicity of the 
seawater (1000 mEq/l) environment in which they live.  Osmolality is balanced in the 
shark through a high plasma urea concentration.  This solves the problem of osmotic 
water loss but leaves the issue of NaCl accumulation.  The primitive elasmobranch 
kidney is not capable of secreting hypertonic sodium chloride to combat this ionic load.  
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Even before the purpose of this gland was identified, Homer Smith had postulated that 
such an extrarenal mechanism of hypertonic sodium chloride excretion was necessary for 
sharks to maintain electrolyte balance (9).  In 1959 Wendell Burger discovered the 
osmoregulatory function of the rectal gland to secrete hypertonic sodium chloride (2).  
Due to the similarity of this chloride transport to that of other epithelial tissues, notably 
chloride transport in the mammalian thick ascending loop of Henle, the SRG has become 
an important model for sodium coupled electrogenic chloride transport (1). 
Anatomically, the rectal gland is a digitiform compound tubular organ that 
consists of homogenous tubules of a single cell type that are highly specialized for 
transepithelial chloride secretion (3).  The gland, located in the dorsal mesentery of the 
shark, weighs approximately 2 grams and is approximately 5 cm in length (Fig. 2).  It 
receives its arterial blood supply from a branch of the dorsal aorta that divides into 
parenchemal sinusoids which then drain into a venous system that exits the gland by a 
single vein.   The secretory tubules are 5 to 150 microns in diameter and lead to a central 
lumen that empties into the distal intestine (10).  Like other ion transporting epethelia, the 
gland has an infolded basolateral membrane with many mitochondria.  Tight junctions 
link the apical membranes, preventing passage of small molecules such as urea but 
allowing for passive diffusion of Na+ and water (11).  The macroscopic anatomy makes 
this gland ideally suited for in vitro perfusion experiments since the single artery, duct 
and vein can be easily cannulated and complete venous drainage and duct output can be 
collected and analyzed (Fig. 3).     
 The SRG is capable of chloride transport due to an asymmetric arrangement of 
ion transport proteins illustrated in the current cell model (Fig. 1) which was initially 
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proposed by Silva et al. (12) and developed further by Kelley et al. (13).  Digitalis-
sensitive basolateral Na-K-ATPase pumps move Na+ out of the cells and K+ into the 
cells, establishing powerful sodium and potassium gradients.  K+ and Cl- entry are 
coupled to the movement of Na+ down its gradient as they are transported into the cell 
through a furosemide sensitive (14) basolateral membrane Na-K-2Cl cotransporter cloned 
by  Forbush et al (15).  Apically, Cl- is secreted through the shark CFTR channel which 
was first cloned by Marshall et al (4).  Na+ crosses the epithelium via the paracellular 
pathway for net transport of electroneutral NaCl.  A barium-sensitive basolateral 
K+channel, previously not well characterized or cloned, exists to allow for necessary K+ 
recycling across the membrane and is the subject of the current study.   
 Three signal transduction pathways have been identified in the hormonal 
regulation of chloride secretion in the rectal gland.  Secretagogues adenosine and 
vasoactive intestinal peptide (VIP) act through a G protein coupled receptor-activated, 
cyclic adenosine 3’-5’-monophosphate (cAMP)-protein kinase A pathway to 
phosphorylate the R domain of the shark CFTR channel (3, 16, 17).  C type naturietic 
(CNP) acts through cyclic guanosine 3’-5-monophosphate (cGMP) to activate apical 
chloride secretion (8) and protein tyrosine kinase has been shown to inhibit chloride 
secretion (18).  Forskolin acts on this cAMP dependent pathway by stimulating adenylate 
cyclase, increasing cellular levels of cAMP which in turn activate CFTR and increase 
chloride secretion (19).  3-isobutyl-1-methylxanthine (IBMX), a nonselective 
phosphodiesterase inhibitor, inhibits the breakdown of cAMP effectively increasing 
intracellular cAMP levels and activating chloride secretion.  Both of these drugs were 
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used in the present perfusion experiments to stimulate chloride secretion to maximal 
levels (30 – 50 fold above baseline) and provide a robust signal for inhibitor studies.  
 
Previous Work on the Basolateral Potassium Channel in the SRG                                        
 Identifying the dominant basolateral K+ in the shark rectal gland that is essential 
for Cl- secretion has been the goal of many scientists studying the physiology of the rectal 
gland.  In spite of their efforts the identity of this channel has remained elusive.  Function 
of these K+ channels was shown to be crucial to chloride secretion in the barium 
perfusion studies of Silva and Epstein (20).  Barium, a nonselective K+ channel blocker, 
effectively decreased chloride secretion in a reversible manner when applied to the 
perfusate, illustrating the necessity of the basolateral K+ channel function for overall 
cellular function.   
 Through electrophysiologic and molecular biologic techniques many have tried to 
characterize this dominant channel (21-26), however none have been able to correlate 
experimental data from the electrophysiologic experiments with the physiology of the 
intact gland observed in in vitro perfusions.  Early patch clamp electrophysiological 
studies of the basolateral membrane of the rectal gland provided evidence for an inwardly 
rectifying channel (22).  In an accompanying study, excised membrane patches were 
examined via patch clamp to observe influences of pH, Ca2+ and several K+ inhibitors on 
the basolateral K+ channel (21).  No stimulation was seen with Ca2+ and alkalosis (by one 
pH unit) increased and comparable acidosis reduced the single current amplitude by only 
15%.  No inhibition was seen with oubain, amiloride, or SITS, while moderate inhibition 
was seen with TEA (10mM) and lidocaine (1mM).    Greater levels of inhibition were 
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seen with barium (5mM), quinine (1mM), and quinidine (0.1mM).  Inhibitor data were 
not correlated with perfusion experiments in intact glands and despite these 
electrophysiological measurements the molecular basis of the basolateral K+ conductance 
remained unidentified. 
 The shark ortholog of the human K+ channel KCNQ1 was first cloned from the 
shark rectal gland and characterized in Xenopus oocyte expression studies.  When 
elctrophysiologic results were compared to inhibitor studies in the intact gland, notably 
with chromanol 293 b (27), this channel was believed to account for only a minor part of 
the total K+ conductance (21, 23-25).  Additionally, an inward rectifying KIR6.1 
potassium channel was identified and cloned from the shark rectal gland.  Unfortunately, 
expression studies to characterize this KIR6.1 channel were not successful (26).  
Previously no attempts to localize a suspected K+ channel with immunofluorescence in 
the SRG have been made.  In spite of the above efforts and crucial role in chloride 
secretion, the specific identity of the function basolateral K+ channel in the SRG 
remained a mystery. 
 
Brief Review on the Diversity of K+ Channels and K+ Nomenclature
Potassium channels are of interest to physiologists because they are universal 
regulators of cellular function. The function of many organs and many different cell types 
is modulated via activation or inhibition of K+ channels.  On a cellular level, organisms 
use a specific array of potassium channel subunits in combination with other ion channels 
to control their electrical properties.  Potassium channels are the most diverse group of 
ion channels with some 70-80 genes cloned (Fig. 4). This diversity of K+ channels is 
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reflected in a cell specific expression pattern in which almost every cell in humans 
expresses several different potassium channel genes (28).  This large group of ion 
channels is divided into three structural super families based on the number of 
transmembrane (TM) and pore (P) domains in each subunits as follows:  Voltage-
dependent channels (6TM, 1P), inward rectifier (2TM, 1P) and the 2P domain potassium 
channels (4 TM, 2P).      
In spite of their diversity on a genetic level, K+ channels are a highly similar 
group of proteins with only small amino acid changes leading to their diverse properties, 
regulation, and functions (29).  All potassium channels possess a core of alpha subunits, 
each comprising either one or two copies of a highly conserved pore loop domain (P-
domain). The P-domain contains the sequence (T/SxxTxGxG), and is known as the K+ 
selectivity sequence.   K+ channels assemble as heteromultimers depending on their 
number of P domains.  1P channels assemble as tetramers, while 2P channels are thought 
to assemble as homodimers (30).  In spite of their similarities, potassium channels have 
been implicated in diverse functions, including insulin secretion (31, 32), regulating the 
cardiac action potential (33), vascular tone (34), cellular excitability, immune response 
(35), apoptosis (36), and electrolyte transport in epithelia such as kidney tubules (37, 38).   
The above mentioned super families can be further divided into conserved gene  
families (29, 39).  The 6TM superfamily is divided into the voltage-gated (Kv) 
channels; the KCNQ channels (originally known as KvLQT channels); the EAG-like 
K+ channels; and three types of calcium (Ca)-activated K+ channels (BK, IK and SK). 
The 2TM domain family is made up of inward-rectifying K+ channels, while the 4TM 
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2P family is made up of highly regulated K+ leak channels (40).  Below is a brief 
overview of each of these channel families: 
 
Kir channels, or inward rectifier channels (KCNJ).  
 These 2 TM 1P channels function as homo- or hetero-tetramers to conduct inward 
current more easily than outward currents, as a result of voltage-dependent block by 
intracellular Mg2+ ion and polyamines. Kir6 channels, a subfamily of Kir subunits 
associate with sulfonylurea receptor (SUR) subunits to form ATP-sensitive potassium 
channels (KATP channels).  These channels are hetero-octamers (four Kir6 subunits and 
four SUR subunits) that are inhibited by intracellular ATP and form a link between 
energy metabolism and electrical activity of the cells.  
 
Kv channels (KCNA-KCNH). 
  Kv channels are 6TM 1P voltage activated K+ channels that function as homo- or 
hetero-tetramers and are responsible for the repolarization of the action potential in 
neurons. Their time course of inactivation differs widely. They were first discovered as 
the genes responsible for the  'shaker' mutant known for its shaking legs in the fruit fly 
Drosophila.  
 
 Kqt channels (KCNQ, KvLQT channels). 
  Kqt channels are 6TM 1P channels which function as tetramers.  They were first 
discovered as the gene responsible for the so-called LQT-syndrome, an acquired or 
inherited disease associated with sudden death as a consequence of prolongation of the 
 9
action potential (and long QT- interval in the electrocardiogram) and arrhythmias. 
 
Voltage-dependent, eag-related channels (KCNH). 
 These 6TM 1P channels were also first described as a Drosophila mutant which 
derives its name (eag) from ether a-go-go because of its go go dancing movements when 
exposed to ether.  KCNH channels function as tetramers.  Mutations of the human ether-
a-go-go related (HERG) channels also give rise to the long QT syndrome and to some 
forms of epilepsy. 
 
SK and IK channels (KCNN). 
  The acronyms SK and IK stand for Small-conductance and Intermediate-
conductance Ca2+-activated K+ channels.  These 6TM 1P channels which function as 
tetramers have a relatively low single-channels conductance. 
 
Large-conductance Ca2+-activated K+ channels (KCNM).  
 These 7TM 1P channels which function as tetramers are also called BK channels, 
which stands for Big calcium-activated K+ channels. Their single-channel conductance is 
150 pS or larger, and they sometimes give rise to hyperpolarizing afterpotentials in 
neurons when the action potential is associated with a large Ca2+ influx.  
 
Two-pore-domain potassium channels (KCNK) or K2P channels.  
 This family of channels is of primary concern in the present study.  4 TM 2P 
channels function as dimers are characterized by a complex regulation via mechanical 
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stimulation, lipids, endogenous cannabinoids, heat or volatile anesthetics (41).   They are 
thought to influence the resting membrane potential and as a result can control cell 
excitability.  
 The first member of this family (TOK1) was cloned from Saccharomyces 
cerevisiae (42) and was predicted to have eight potential transmembrane (TM) helices. 
However, subsequently-cloned two P-domain family members are predicted to have have 
only four TM segments.  The known members of this family are illustrated in the 
dendrogram in Figure 5 and the 4TM 2P molecular structure is illustrated in Figure 6.   
 The naming of the 4TM 2P channels has been somewhat confusing due to multiple 
naming systems.  The current names for the 4TM 2P channel subtypes are summarized 
below (43, 44): 
TWIK subfamily   
“Tandem of P domains in a Weak Inward rectifying K+ channel” 
KCNK1 (K2p1.1, TWIK-1)  
KCNK6 (K2p6.1, TWIK-2, TOSS)  
KCNK7 ( K2p7.1) 
 
THIK subfamily   
“TWIK-related Halothane-Inhibited K channel” 
KCNK13 (K2p13.1, THIK-1)  
KCNK12 (K2p12.1, THIK-2)  
 
TASK subfamily  
“TWIK-related Acid Senisitive K channel” 
KCNK3 (K2p3.1, TASK-1, TBAK-1, OAT-1) 
KCNK9 (K2p9.1, TASK-3, KT3.2)  
KCNK15 (K2p15.1, TASK-5, KT3.3) 
 
K2p5.1, TASK-2 subfamily  
KCNK5 (K2p5.1, TASK-2)  
KCNK16 (K2p16.1, TALK-1)  
KCNK17 (K2p17.1, TALK-2, TASK-4)  
 
TREK subfamily  
“TWIK-RElated K Channel” 
KCNK2 (K2p2.1, TREK-1)  
KCNK4 (K2p4.1, TRAAK, KT4.1)   
“TWIK-Related Arachidonic Acid Stimulated K+ Channel”  
KCNK10 (K2p10.1, TREK-2)  
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TRESK subfamily  




 TWIK-1 (Tandem of P-domains in a Weakly Inward rectifying K+ channel) 
was the first two P-domain K+ channel subunit cloned from human tissue (45).   The 
TWIK family consists of TWIK 1 and 2. They are widely distributed, being particularly 
abundant in the brain and heart and are known to produce constitutive K+ currents of 
weak amplitude. 
 The remainder of the 4TM 2P channels are known as TWIK-related channels and 
all produce instantaneous and non-inactivating K+ currents and are voltage independent, 
suggesting that they are background (leak) K+ channels involved in the generation and 
modulation of the resting membrane potential in various cell types.  These TWIK related 
proteins include (46): 
 
 The THIK (Tandem pore-domain Halothane Inhibited K+ channel) sub-family                   
consisting of THIK-1 and THIK-2.  THIK-1 is activated by arachidonic acid and 
inhibited by the volatile anesthetic halothane.  THIK-2, shares 58% amino acid identity 
with THIK-1, but is not functionally expressed. 
 
 The TREK (TWIK-RElated K Channel) subfamily with two members, TREK-1 
and TREK-2.  Both members are known as mechano-sensitive and unsaturated fatty 
acid-activated K+ channels as they are opened by membrane stretch, cell swelling, shear 
stress and polyunsaturated fatty acids, such as arachidonic acid. 
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The TRAAK (TWIK-related arachidonic acid-stimulated K+ channel) is 
strongly activated by unsaturated fatty acids, such as oleate and linoleate. They are also 
activated by application of stretch to the cell membrane, by means of cell swelling, shear 
stress or negative pressure. 
 
 The TASK (TWIK-related acid-sensitive K+ channel) family contains five                
members (TASK1-5) (47-51), which share no more than 54% amino acid identity . These 
form functional K+ channels in various cell types and encode background K+ channels, 
thereby helping to set the resting membrane potential. All TASK channels are very 
sensitive to variations in extracellular pH in the physiological range, changing from fully-
open to closed in approximately 0.5pH units around pH7.4.  Due to this sensitivity one of 
their proposed functions is as a biological sensors of external pH variations.  
 
 TASK-1 was the first member of the TASK family to be cloned. It is widely                
distributed, particularly abundant in the pancreas and placenta, but also found in the 
brain, heart, lung and kidney. In addition to the maintenance of the resting membrane 
potential, it is also thought to be involved in K+ transport associated with 




MATERIALS AND METHODS 
In Vitro Perfusion of Shark Rectal Glands 
Rectal glands were obtained from male dogfish sharks, Squalus acanthias, 
weighing 1-3 kg, which were caught by gill nets in Frenchman's Bay, ME, and kept in 
tanks with flow-through seawater until use, usually within three days of capture.  Sharks 
were sacrificed by pithing of the spinal cord.  Rectal glands were excised and cannulas 
were placed in the artery, vein, and duct as previously described (13, 52).  For perfusion 
studies, rectal glands were placed in a glass perfusion chamber (Fig. 3), maintained at 15 
°C with running sea water, and perfused with elasmobranch (shark) Ringer's solution 
containing (in mM) 270 NaCl, 4 KCl, 3 MgCl2, 2.5 CaCl2, 1 KH2PO4, 8 NaHCO3, 350 
urea, 5 glucose, and 0.5 Na2SO4 (all from Sigma), and equilibrated to pH 7.5 by bubbling 
with 99% O2 and 1% CO2.  All glands were first perfused for 30 min with elasmobranch 
Ringer's to achieve basal rates of chloride secretion.  Chloride secretion was then 
activated by continuous perfusion of forskolin (1µM) and IBMX (100µM) from the 30 
mintime point to the end of the experiment.  Individual potassium channel inhibitors were 
perfused continuously from the 50 min time point until the 70 min time point to assess 
their effects on chloride secretion.  Inhibitors were chosen based on their putative 
specificity in blocking specific types or families of potassium channels (Table 1).  
Perfusate concentrations of these potassium channel blockers were chosen based on 
known Ki values, values used previously in the literature, or values necessary to establish 
dose response curves.  Inhibitors were chosen based on their putative specificity in 
blocking certain types of potassium channels.   At the 70 min time point inhibitors were 
discontinued and the gland was perfused for an additional 20 min with shark Ringer’s 
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with forskolin and IBMX to assess reversibility of inhibition.   Results are expressed as 
microequivalents of chloride secreted per hour per gram wet weight (µEq/h/g) ± SE. 
 
Primary Cell Cultures of Shark Rectal Gland Tubules 
Primary cultures of shark rectal gland epithelial cell monolayers were prepared as 
previously described (53).  Rectal glands were excised under sterile conditions, sliced 
horizontally into 2-3 mm sections, and minced into a slurry with two sterile scalpel 
blades.  The mince was then transferred into a 50 ml conical tube and washed three times 
with 20 ml of sterile shark Ringer’s.  The mince was then suspended in a collagenase 
solution (0.2% in 30 ml of sterile shark Ringer’s) and incubated at 25 ˚C for 1 h under 
constant agitation.  At the end of the incubation, the suspension was washed with sterile 
shark Ringer’s by centrifugation at 200 x g at 4 ˚C for 45 s.  The supernatant was 
discarded and the pellet resuspended in approximately 20 ml of sterile shark Ringer’s.  
The digested mince was then agitated to release the tubules into the supernatant.  The 
tubules suspended in the supernatant were harvested and kept on ice.  Suspension in fresh 
sterile shark Ringer’s, agitation of the mince, and harvest of tubules in the suspension 
were repeated two more times.  The accumulated tubules were then washed and 
suspended in 20 ml of sterile shark Ringer’s, from which two 1 ml aliquots were removed 
to determine the total yield by wet weight.  Average yield was 250-500 mg wet wt/gland.  
The tubules were then suspended in medium composed of Dulbecco's Modified Eagle's 
Medium/Ham's F-12, containing 15 mM HEPES, 3.9 mM CaCl2, 2.5 mM MgCl2, 300 
mM urea, 94 mM NaCl, 150 mM trimethylamine oxide, 21 mM NaHCO3, 10 ml/l 
penicillin/streptomycin (10000 U x 10 mg-1 x ml-1), 10 ml/l ITS+, and 50 ml/l Nu-Serum.  
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Tubules, at a density of ~10 mg/ml, were seeded onto Costar transwell clear inserts.  The 
tubules were allowed to grow to confluence at 20 °C under 95% O2 and 5% CO2, usually 
within 10-14 days.  The transwell insert containing the monolayer of cells was then 
mounted in an Ussing chamber.  Both the apical and basolateral sides of the monolayer 
were bathed with shark Ringer’s containing 5 mM glucose at pH 7.5.    Potassium 
channel inhibitors shown to be active on the SRG in the perfusion studies were applied to 
the basolateral and apical aspects of the monolayer and short circuit current 
measurements Isc were taken to study their effects on chloride conductance.  This 
preparation of tubular cells has the advantages of direct access to both apical and 
basolateral membranes and the absence of neural elements present in the perfused gland  
 
Molecular Biology, DNA Sequencing, and Sequence Analysis 
 All primers used for the molecular biology experiments were ordered through the 
Marine DNA Sequencing and Analysis Facility at the Mount Desert Island Biological 
Laboratory (MDIBL) with oligonucleotide synthesis provided by Integrated DNA 
Technologies Incorporated.  Non-degenerate primers were designed using the Primer 
Select program in the DNASTAR Inc. software bundle version 5.05 for Macintosh OS 9.  
Sequencing was performed by the MDIBL facility with a 16 capillary ABI 3100 model 
DNA Sequencer.  The sequencing reactions utilized a novel 3'-fluorescently-labeled 
dideoxynucleotide triphosphate mixture (BigDye Terminators from ABI) and Taq FS 
DNA polymerase in a thermal cycling protocol for a more accurate and sensitive analysis.  
DNA sequence data was visualized with the 4Peaks computer program (MEK and TOSJ) 
for Macintosh OSX to assess the quality of the sequencing runs.  Further analysis, 
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sequence alignment, editing, and open reading frame determination was performed using 
the DNASTAR Inc. software bundle previously mentioned.  The Basic Local Alignment 
Search Tool (BLAST) internet-based program available through the National Center for 
Biotechnology Information (NCBI) was used to find regions of local similarity between 
known genes in the National Institute of Health (NIH) GenBank genetic sequence 
database.  BLAST alignments were used to infer functional and evolutionary 
relationships between the sequences.  Kyte-Doolittle plot of shark protein sequences were 
generated with the DNASTAR software bundle.  ClustalW (54, 55) multi-sequence 
alignments were used to determine sequence homology and assess percent conservation 
of DNA and protein sequence between the shark and human genes.    
 
Preparation of Total RNA from Rectal Gland Tissue, Degenerate Primer Design, PCR, 
and Cloning of PCR fragments 
Total RNA was extracted with Trizol reagents (Invitrogen) from100 mg of shark 
tissue that had been excised and immediately flash frozen in liquid nitrogen.  RNA 
quality and quantity was checked with an Agilent 2100 Bioanalyzer using a 12 well 
microfluidics chip and 30 minute run-time fluorescence monitoring.  RNA preparations 
were diluted 10X and 1 µl of the dilution was used for this analysis.  First-strand cDNA 
was synthesized using Invitrogen SuperScript synthesis system for RT-PCR.  Biology 
Workbench 3.2 (San Diego Supecomputer Center) and ClustalW were used to identify 
regions of high amino acid homology in available primate, rodent and teleost 2P family 
potassium channel sub-types: TWIK, THIK, TASK, TREK, and TRAAK.  Fifteen 
degenerate primers were designed using Consensus-Degenerate Hybird Oligonucleotide 
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Primers (CODEHOP) (56), representing fifteen primer pairs that targeted specific two-
pore channel subtypes.  Of the fifteen primer pairs, one primer pair targeting the TASK 
sub-type successfully amplified target sequence in rectal gland, kidney, brain and gill, all 
four tissues that were used to make template.  These TASK primers were designed from 
regions of high conservation in nine sequences from four species; Fugu rubripes, Danio 
rerio, Rattus norvegicus and Mus musculus.  The successful primer pair was the 8-fold 
degenerate forward oligonucleotide primer [5’-ATCCCCCTGACCCTGGT(A/C/G/T) 
ATGTT(C/T)CA-3’] that codes for the Pro-Leu-Thr-Leu-Val-Met-Phe-Gln sequence and 
the 48-fold degenerate reverse oligonucleotide primer [5’- GCACCACCAGGT 
TCAGGAA(A/C/G/T)GC(A/C/G/T)CC(A/G/T)AT -3’] that codes for the Val-Iso-Gly-
Ala-Phe-Leu-Asn-Leu.  PCR amplifications were performed with cDNA template using 
Taq DNA Polymerase (Promega).  The touch-down PCR amplifications were performed 
in a Mastercycler Gradient 2 (Eppendorph) with the following parameters: hot start for 3 
min at 94 ºC; followed by 40 cycles of 95 ºC for 45 sec, 65 ºC annealing for 1 min that 
was lowered by 0.5 ºC each cycle, and 72 ºC for 1.5 min; and an extension period of 72 
ºC for 10 min.  The resulting 394-bp PCR product was purified from a 2% agarose gel 
and ligated into the pCR II TOPO TA cloning vector (Invitrogen).  Positive transformants 
were screened on LB plates with 100 µg ampicillin ml-1 and by colony PCR.  Positive 
transformant plasmid DNA was then replicated with QIAprep Spin Miniprep Kit 
(Qiagen).  Clones were sent for bidirectional sequencing at the MDIBL facility and the 
394 bp sequence analyzed against the GenBank database with a BLAST alignment to 
identify the fragment as having high similarity with human TASK proteins. 
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Rapid Amplification of cDNA Ends-PCR to Obtain 5’ and 3’ Ends of Shark TASK and 
Cloning of RACE-PCR Fragment 
Shark rectal gland total RNA was adaptor ligated exactly according to 
manufacturers protocol (SMART RACE cDNA Amplification, BD Biosciences).  
 
3’RACE-PCR 
Two TASK-specific primers were designed for 3’ Rapid Amplification of cDNA 
Ends (RACE)-PCR (external 5’- TGGGGCTGCTGCATTCTCATATTACG- 3’ and an 
internally nested primer 5’- TTGCTTCATCACACTCACCACCATT –3’) that were used 
in subsequent PCRs.  External TASK-specific primer and external cassette-specific 
primer (Universal Primer A Mix, BD Biosciences) were used in a PCR using Advantage 
2 PCR Kit (BD Biosciences) with adaptor-ligated shark rectal gland 3’ SMART RACE-
ready cDNA template.  50-µl reaction mixtures were cycled in a Mastercycler Gradient 2 
(Eppendorph) with the following parameters: 95 ºC for a 2 min hot start; followed by 32 
cycles of 94 ºC for 30 sec, 58 ºC for 45 sec, and 72 ºC for 2.5 min; and an extension 
period of 72 ºC for 10 min.  The products were diluted 50-fold and used as template for 
another RACE-PCR amplification with nested primers for both the adaptor ligated cDNA 
ends and the TASK gene using the same cycling parameters.   
 
5’RACE-PCR 
The degnerate-antisense primer targeting TASK sub-type that was successful in 
the initial amplifications and the external cassette-specific primer (Universal Primer A 
Mix, BD Biosciences) were used in an amplification using Advantage 2 PCR Kit (BD 
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Biosciences) with adaptor ligated shark rectal gland 5’ SMART RACE-ready cDNA 
template.  50-µl reaction mixtures were cycled in a Mastercycler Gradient 2 
(Eppendorph) with the following parameters: hot start for 3 min at 94 ºC; followed by 35 
cycles of 95 ºC for 45 sec, 65 ºC annealing for 1 min that was lowered by 0.5 ºC each 
cycle, and 72 ºC for 1.5 min; and an extension period of 72 ºC for 10 min.  The products 
were diluted 50-fold and used as template for another RACE-PCR amplification with 
nested primers for both the adaptor ligated cDNA ends and the TASK gene (5’- 
GCTAAATGCCACATAGTGAGGGTTC- 3’ or 5’- GCAGAGCCACATAGTCCCCG 
AA- 3’) using the cycling parameters used in both 3’ RACE-PCR amplifications.  
The 694-bp 3’ product and a partial 592-bp 5’ product were extracted from a 2% 
agarose gel of the nested RACE PCR amplifications.  Genome walking (BD Biosciences 
GenomeWalker Universal Kit) with shark genomic DNA was necessary to obtain the 
remainder of the 5’ sequence (428 bp band extracted from 2% gel), including 335 bp of 
untranslated region sequence upstream of the methionine start codon.  
The PCR products were inserted into pCR II TOPO TA cloning vectors 
(Invitrogen) and transformed into One Shot TOP10 Chemically Competent E. Coli cells 
(Invitrogen).  Positive transformants were screened on LB plates with 100 µg ampicillin 
ml-1 and by colony PCR; positive transformant plasmid DNA was then replicated with 
QIAprep Spin Miniprep Kit (Qiagen).  Clones were sent for bidirectional sequencing at 
the MDIBL facility, the sequence data aligned, and from this alignment complete 
sequence information including untransulated regions above the methionine start codon 
and below the stop codon for the shark gene was assembled using the DNASTAR 
software bundle. 
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With the complete sequence information we designed shark specific primers to 
amplify full-length shark TASK-1 cDNA.  The sense primer used was, 5’-
CCGCCGCGATCTCCAGTCTTCTTCT-3’ The antisense primer used was 5’-
GGATATGGTCCAATTGACTTACTAACTTCTA-3’.  This full-length product was 
then cloned in TOPO TA cloning vectors (Invitrogen) and transformed and cloned as 
previously described.  The sequence of the full-length clone was then confirmed by 
bidirectional sequencing at the MDIBL center using vector specific primers M13F and 
M13R (Invitrogen).  This shark sequence was then compared to the human isoform using 
ClustalW and DNASTAR.   
 
Cloning Human TASK-1 from Human Epithelial Airway Cells 
PCR techniques were utilized to identify and clone human TASK-1 in cDNA 
reverse transcribed from DNAase treated RNA isolated from cultured human airway 
epithelial cells from two patients (# HBE 8434 and HBE 1471).  This cDNA was kindly 
provided by Dr. Raymond Frizzell of University of Pittsburgh.  Human sequence specific 
TASK-1 primers were designed using the DNASTAR software bundle.   A 630 bp band 
was generated using forward primer 5’-GCAGGAGCTGCGGGCGCGCTACAAC-3’ 
and reverse primer 5’-CTTCTCGTCCTCGGCGTTCATGGTCAT-3’ and the following 
PCR conditions: hot start for 1 min at 95 ºC; followed by 40 cycles of 94 ºC for 30 sec, 
65 ºC annealing for 45 sec, and 72 ºC for 1.5 min; and an extension period of 72 ºC for 10 
min.  The resulting 630-bp PCR products were purified from a 2% agarose gel and 
ligated into the pCR II TOPO TA cloning vector (Invitrogen) and transformed and cloned 
as described previously.  These clones were then bidirectionally sequenced at the MDIBL 
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facility and sequence info was aligned with the DNASTAR software bundle to confirm 
their homology to the published human TASK-1 sequence.   
 
Generation of Expression Construct for Oocyte Injection 
The 1188bp start to stop PCR product was cloned in a pRAT vector and used as 
the template for cRNA synthesis using T7 in vitro transcription (Ambion Inc., 
Austin,TX).  Human TASK-1 plasmid cDNA in the pRAT vector was kindly provided by 
Dr. Steve N. Goldstein (University of Chicago).  Capped hTASK-1 cRNA was 
synthesized using T7 RNA polymerase and in vitro transcription.  
 
Oocyte Preparation and Expression of Shark and Human TASK-1 
Mature female Xenopus laevis were anesthetized in a 0.15% cold solution of 
tricaine for 20 min, and several ovarian lobules were removed under sterile conditions 
through an abdominal incision.  Oocytes were incubated in a 2.5 mg/ml solution of type I 
collagenase for 2.5 h and subsequently manually defolliculated.  Mature stage V and VI 
oocytes were selected and stored.  After 12-24 h, the oocytes were injected with 1 ng 
shark TASK cRNA/50 nl, 1 ng of human TASK, or an equivalent volume of water and 
then stored for 18-24 h in MBSH at 18-20˚C.  Oocytes were stored in modified Barth 
solution holding (MBSH) medium containing (in mM) 88 NaCl, 1 KCl, 2.4 NaHCO3, 
0.82 MgSO4, 0.33 Ca(NO3)2*4H2O, 10 N-2-hydroxyethylpiperazine-N'-2-




Two Electrode Voltage Clamping (TEVC) 
Electrophysiological recordings were performed 18-30 h after injection.  
Electrodes were pulled on a micropipette puller (Sutter Instruments, Novato, CA) and had 
input resistances between 0.5 and 2.5 MΩ.  For electrophysiological measurements, 
electrodes were filled with 3M KCl.  IV curves were obtained by clamping the voltage 
over a series of steps from -140 to +60 mV at 20mV increments (each increment 250 ms), 
using a Dagan TEV-200 amplifier and Axon 1320 digidata interface (Dagan Instruments, 
Axon Instruments).  
During a typical experiment, oocytes were perifused with Frog Ringer’s solution 
containing (in mM) 98 NaCl, 2 KCl, 1.8 CaCl2, 1 MgCl2, 10 N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES)(5 Na Salt, 5 Acid), buffered 
to pH 7.4 (reagents from Sigma Chemical, Co., St.Louis, MO).  IV ramps were taken 
under basal conditions, TEVC readings were taken every 8 min, with several readings 
under basal conditions before adding a drug to the basal ND96 solution and then for at 
least 2 readings after the drug.  Electrophysiologic data were then analyzed with 
pCLAMP software (version 9.0, Axon Instruments).  
 
Western Blot Analysis.  
 Shark tissues were homogenized in lysis buffer containing 1% NP-40, 150 mM 
NaCl, 20 mM Tris base, pH 8.0, 5 mM EDTA, 10 mM NaF, 10 mM Na4P2O7, 10 µg/ml 
aprotinin, 10 µg/ml leupeptin, 10 mM iodocetimide, 1 mM PMSF, and 1 mM sodium 
vanadate (all from Sigma Chemical Co.).  The lysate was spun at 15,000 rpm/15 min.  
The protein concentration of the supernatant was determined, and the lysate was diluted 
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in a 1:1 ratio with sample buffer containing 62.5 mM Tris HCl, pH 6.8, 2% SDS, 10% 
glycerol, 0.01% bromophenol blue, and 5% beta -mercaptoethanol (all from Sigma 
Chemical Co.).  Lysates were subjected to SDS-PAGE, electrotransferred to Immobilon® 
transfer membranes and then probed with anti TASK-1 antibody and visualized with the 
enhanced chemiluminescence (ECL) detection system.  
 
Immunohistochemistry of shark rectal gland tissues  
Snap frozen perfused rectal glands were sectioned using a cryostat.  Under each 
condition, 5-7-µm sections were obtained from the same region of the gland (2-3 mm 
from the distal tip). Sections were fixed for 10 s in ice-cold acetone.  Similarly fixed 
mouse lung sections of 15µm are purchased from The Jackson Laboratory (Bar Harbor, 
ME).  Specimens, stored at -20°C. were rehydrated in PBS and then blocked with 1% 
BSA in PBS.  Primary antibody was used at a 1:5 dilution.  SRG slides were then probed 
with a sheep anti-shark TASK-1 specific antibody designed by our laboratory.  In a set of 
preliminary experiments mouse lung sections and human airway cells were also probed 
with a commercially available rabbit anti-TASK-1 antibody (Alomone Labs, Jerusalem, 
Israel).  The primary antibody was visualized with FITC-conjugated anti-sheep secondary 
antibody (shark rectal gland slices), and FITC-conjugated anti-rabbit secondary antibody 
(mouse and human lung sections).  Preparations were also treated with actin and nuclear 
labels and specimens examined with a confocal microscope (Olympus Fluoview). 
 
 24
Acknowledgement of Assistance 
All of the above experiments were performed in the lab of John Forrest at Yale 
and MDIBL.  Several components of this extensive project were efforts of multiple 
young scientists under the guidance of Dr. Forrest.  The molecular biology experiments 
including primer design, RNA preparation, cDNA synthesis, PCRs, RACE PCRs, 
agarose gels, gel extractions, and shark and human cloning were performed entirely by 
myself.  The insertion of the full-length shark TASK-1 gene in the pRAT vector was 
performed in collaboration with William Motley.  The dedicated team of undergraduate 
students in the Forrest Lab in the summers of 2003, 2004, 2005 were of great assistance 
in performing many of the crucial and long perfusion experiments.  To design these 
perfusions I reviewed the literature and chose specific potassium channel inhibitors.   
Great thanks goes to Sarah Decker and Catherine Kelley for coordinating the numerous 
perfusion experiments and their data collection over the course of the summers I was in 
lab.   Regarding oocyte expression studies, I personally set up the TEVC rigs, designed 
the experiments, and interpreted the data with the guidance of Dr. Forrest, Ali Poyan 
Mehr, and Eleanor Beltz.  The TEVC oocyte experiments and recordings were performed 
with the assistance of undergraduates Eleanor Beltz and Alexander Peters.  Ali Poyan 
Mehr aided greatly with his insight in troubleshooting problems with the TEVC rigs. 
Western blot analysis using TASK-1 antibodies was performed by Sarah Decker.  The 
antibody design, immunohistochemistry of shark rectal gland tissues, and primary cell 
cultures of shark rectal gland tubules were performed with the assistance of Sarah 
Decker, Catherine Kelley, and Martha Ratner.  For all of this hard work I am greatly 
indebted to the entire team that makes up the Forrest lab. 
 25
RESULTS 
In Vitro Perfusion of Shark Rectal Glands 
Results for all perfusion experiments are expressed as microequivalents of 
chloride secreted per hour per gram wet weight (µEq/h/g) ± SE and N equals the number 
of glands perfused accompanies each set of graphical and tabular data.  Unless otherwise 
stated, for all experimental data presented in this section glands were first perfused for 30 
min with elasmobranch Ringer's to achieve basal rates of chloride secretion and washout 
of native hormones that stimulate secretion in vivo.  This washout is evidenced by the 
downward slope of the chloride secretion readings taken during these first 30 min.  In all 
perfusions chloride secretion was then activated by continuous perfusion of forskolin 
(1µM) and IBMX (100µM) from the 30 min time point to the end of the experiment.   
Experiments demonstrating this basal washout and control maximal stimulation with no 
inhibition are shown in Figure 7.   This stimulation is evidenced by the rapid upslope of 
the chloride secretion values and a plateau at maximal levels until the end of the 
experiment.  
In all of the inhibitor studies, unless otherwise noted, individual potassium 
channel inhibitors were perfused continuously from the 50 min time point until the 70 
min time point to assess their effects on chloride secretion and determine reversibility.   
Inhibitors were chosen based on their putative specificity in blocking specific types or 
families of potassium channels.  Concentrations of these potassium channel blockers 
were chosen based on known Ki values, values used previously in the literature, or values 
necessary to establish dose response curves, and are noted in the legends of graphs of the 
individual experiments.  At the 70 min time point inhibitors were discontinued and the 
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gland was perfused for an additional 20 minutes with shark Ringer’s with forskolin and 
IBMX to assess reversibility of inhibition.  
Perfusions with the inhibitor barium chloride (5mM) served as the positive 
control for K+ channel inhibition for all experiments.  Barium chloride is a known 
nonspecific inhibitor of potassium channels (57) which has been shown to reversibly 
inhibit potassium channels and block chloride secretion in the SRG (20).   A graph of this 
positive control for inhibition is seen in Figure 7.   A table of potassium channel 
inhibitors and the specific channel types that they act on can be found in Table 1. A 
review of the different subtypes of potassium channels can be found in the overview 
section of this thesis.   
 Glybenclamide (1µM) which at low concentrations inhibits KATP  channels had no 
effect.  However at higher concentrations (100µM) where glybenclamide is known to 
directly inhibit CFTR chloride channels, secretion was inhibited as expected and this 
secretion was assumed to be due to inhibition of CFTR (Fig. 8).   The inhibitors of KATP 
channels, tolbutamide (100 µM) and phentolamine (200µM) also had no effect on Cl- 
secrtetion (Fig. 8).  Potassium channel inhibitors clotrimazole (10µM) which acts on 
IKCA channels  and charybdotoxin (50nM) which acts on BKCA and KV K+ channels had 
no effect on chloride secretion  (Fig. 9).  Phrixotoxin  (12 nM), an inhibitor of KA 
channels showed no effect.  Inhibitors sotalol (100µM), a blocker of rapid delayed 
rectifier K+ channels; TEA (10µM), and 3,4 DAP (1µM), blockers of the KA channels, 
also showed no effect on secretion.  
Quinidine (200µM), an inhibitor of multiple 6 transmembrane (TM) voltage 
sensitive K+ channels (including KvLQT1, KA and KV(r)), 4 transmembrane K+ channels, 
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and volume sensitive K+ channels was the first inhibitor used to show a barium-like effect 
on chloride secretion ( Fig. 10).   Quinine (1mM), bupivicaine (2.5mM), and 
anandaminde (150µM) blockers of the 4TM, 2P subtypes were also shown to cause 
inhibition when perfused   (Fig. 7, 10).  Inhibition was also seen with Acidic perfusates 
(pH 6.4 and 6.0) as shown in Figure 7.  Lidocaine (1mM), a blocker of cell volume 
sensitive K+ channels and 4TM, 4P K+ channels, also showed moderate inhibition (Fig 
11).  The inhibitory effects of quinidine, quinine, bupivicaine, acidic pH, and lidocaine 
were readily reversible with the washout period at the end of the experiments.  Zinc 
acetate (100 µM), an inhibitor of the 4 TM, 2P channel TASK-1 also showed partially 
reversible inhibition (Fig. 13).  A table summarizing these perfusion experiment results, 
including the inhibitors and their maximum doses used, N values, and relative inhibition 
of chloride secretion compared to inhibition by barium chloride can be found in Table 2 
labeled “Effect of K+ channel Inhibitors in In Vitro Perfusion Studies”. 
 
Effects of Inhibitors in Cultured Monolayers of Shark Rectal Gland Epithelial Cells  
Cultured monolayers of SRG epithelial cells and short circuit current (Isc) 
measurements were used to further elucidate the rectal gland physiology concerning the 
basolateral potassium channel and its active inhibitors.  Inhibition of chloride secretion 
measued as Isc by BaCl2 (5mM) added basolaterally to the cultured SRG epithelial cells 
was used as a comparison.  In one set of experiments the effects of quinidine were 
examined.  The addition of quinidine (400µM) to the basolateral solution markedly 
inhibited Cl- secretion measured as Isc by > 80%.  This effect had barium-like reversibility 
following washout of quinidine (Figure 10).   
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The effects of quinine were further examined in cultured SRG monolayers (Figure 11, 
12).  The inhibitory effect of quinine on cultured monolayers was more potent when 
added to the basolateral solution versus the apical solution.  Inhibition of Isc was 
reversible following washout of the inhibitor.  These experiments also illustrated the 
effects of increasing concentrations of quinine apically and basolaterally (100µM, 
250µM,  500µM). 
 
Cloning of Shark TASK-1 from the Shark Rectal Gland 
The perfusion studies with numerous K+ channel inhibitors and perfusate solutions of 
varying pH narrowed the search to the Two-Pore-Domain (4TM 2P/KCNK/K2P) family 
of potassium channels.  As discussed in the methods section, molecular biological 
techniques were then used to clone this 4TM 2P channel.  The steps involved in the 
cloning of this shark specific membrane protein and digital images of representative gels 
can be found in Figure 14.  With Degenerate PCR and shark cDNA template reverse 
transcribed from RNA extracted from shark tissues, one primer pair amplified a putative 
TASK-1 fragment (394 bp) in the shark rectal gland, brain, gill, and kidney.   This 
fragment was BLASTed against the database to yield greatest similarity with published 
sequences of the TASK sub-family of potassium channels. 
Shark fragment and published sequence similarities were greatest between the 
putative shark TASK fragment and human TASK 1 & 3 (KCNK 3  & 9).   ClustalW 
alignments of this initial fragment sequence and the known human TASK 1-5 sequences 
showed the following percentages of homology, indicating the identity of the shark 
fragment to be most likely that of TASK-1 or TASK-3. 
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Human TASK1 : SRG Fragment = 67 % homology 
Human TASK2 : SRG Fragment = 14 % 
Human TASK3 : SRG Fragment = 66 % 
Human TASK4 : SRG Fragment = 24 % 
Human TASK5 : SRG Fragment = 53 % 
 
Using the initial fragment’s 394 bp sequence, primers were constructed for 5’ and 3’ 
RACE which yielded a 694 bp 3’ product that when sequenced included the stop codon, 
and a partial 5’ product of 592 bp that did not include the 5’ sequence to the start codon.  
To obtain the remainder of the 5’ sequence, Genome Walking was used to obtain a 428 
bp product which included the start codon and 334 bp of upstream untranslated region.   
Using the complete shark specific sequence, primers were designed to generate a full 
length clone with PCR.  An agarose gel showing the full length clone confirmed with 
nested PCR can be seen in Figure 14.  The full-length sequence has the highest homology 
to the TASK-1 subtype.  The full-length clone (1282bp) had an 1128 bp open reading 
frame encoding a protein of 375 amino acids compared to the 1188 bp human TASK-1 of 
394 amino acids.  The sequence was confirmed with bidirectional sequencing yielding a 
nucleotide sequence that was 71% conserved between shark and human isoforms.  The 
opening reading frame of the shark sequence was determined.  Shark TASK-1 was 80% 
identical at the amino acid level to the human TASK-1 protein.  Major structural features 
of the human protein (48) were conserved in the shark ortholog, including the four 
transmembrane segments (M1-M4), the 2P domains (P1 and P2), short NH2-terminal and 
long COOH-terminal cytoplasmic parts, and an extended extracellular loop between M1 
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and P1 when analyzed via Clustal W alignment.  This is shown the ClustalW sequence 
alignment (Fig. 15) and summarized in Table 3. 
 
Cloning Human TASK-1 from Human Epithelial Airway Cells 
PCR techniques were utilized to identify and clone human TASK-1 in cDNA 
from cultured human airway epithelial cells from two patients (# HBE 8434 and HBE 
1471) using human TASK-1 sequence specific primers.  A 630 bp band was cloned from 
each patient’s cDNA.  These clones were then bidirectionally sequenced and the 
sequence was 100% uniform with that of the published human TASK-1 sequence.  In 
analyzing the sequence data it was shown that the band represented DNA spanning two 
exons which effectively ruled out the possibility of amplification of genomic DNA 
contaminent in the cDNA templates.  The target region in the human TASK-1 gene and 
its relationship to the exons in this cloning from epithelial airway cells is shown in Figure 
17.  
 
Two electrode voltage clamping (TEVC) Electrophysiology  
 The shark TASK-1 1188bp start to stop PCR product was cloned in a pRAT 
vector from which capped hTASK-1 cRNA was synthesized.   This shark TASK-1 cRNA 
and human TASK-1 cRNA (provided by Dr. Steve N. Goldstein, University of Chicago) 
were then expressed in the Xenopus oocyte heterologous expression system. 
The pharmacologic studies were designed to compare the effects of the active 
TASK-1 inhibitors determined from the SRG perfusion experiments on the shark and 
human TASK-1 orthologues.  IV ramps were taken under basal conditions, TEVC 
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readings were taken every 8 min, with several readings under basal conditions before 
adding a drug to the basal ND96 solution and then for at least 2 readings after the drug.  
Electrophysiologic data were then analyzed and visualized with the pCLAMP software 
bundle (version 9.0, Axon Instruments).   
Current voltage relationships of human and shark TASK-1 are shown in Figure 18 
Panel A.  The dose-dependent inhibitory responses to the K2P family inhibitor quinine 
(0.1-1mM), and the TASK-1 inhibitor bupivacaine (0.1-2.5 mM) are shown in Figures 18 
and 19. The effect of zinc (100µM) on heterologously expressed shark and human 
TASK-1 can be seen in Figure 20.  The effect of changes in pH on the shark and human 
orthologs can be seen in figure 20. 
 
Western Blot Analysis 
Using commercially available anti-TASK-1 antibody (Sigma), bands of the 
expected size were detected in SRG and other shark tissues (Fig. 21) confirming the 
presence of TASK-1 protein.   The commercially available antibody target epitope differs 
in 3 amino acid residues from shark sequence: 
  Mammalian epitope:           EDEKRDAEHRALLTRNGQ (TASK-1252-269) 
  Shark sequence:   EDEKRDAEQKALLIRNGQ 
This antibody, raised to human TASK-1, was shown to be not useful for confocal 
studies, so we prepared an N-terminal antigenic peptide for shark specific antibody 
generation in sheep (Pocono Rabbit Farms and Laboratory, Canadensis, PA). 
 
Immunohistochemistry of Shark Rectal Gland, Human, and Mouse Tissues  
Primary antibody was used at a 1:5 dilution.  SRG slides were then probed with a 
sheep anti-shark TASK specific antibody designed by our laboratory.  Confocal images 
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showing membrane localization of TASK-1 protein in SRG tubules can be seen in Figure 
22.  Intense specific staining of the basolateral membrane of tubules was seen, with some 
signal present in the apical membrane domain. Preliminary studies were also performed 
to visualize TASK-1 in mouse and human tissues.   In mouse bronchial epithelial cells 
prominent basolateral membrane localizations was observed (Fig. 23 Panel A).  Human 
airway cells showed intense basal membrane staining of TASK-1.   In the human airway 
cells there was also binding of antibody to TASK-1 in a subapical location beneath the 
actin array (Fig. 23).   In the human airway cell image red is actin stained with rhodamine 
phalloidin and blue is the nuclear DNA dye. 
 
DISCUSSION 
The function and regulation of potassium channels in epithelial tissues has been 
extensively studied in many organs and organisms.  In the kidney, much of what is 
known about epithelial potassium channels has recently been summarized in the review 
of Hebert, Desir, Giebisch, and Wang (29).  The role of K+ channels in stabilizing the 
membrane voltage and maintenance of the driving force for electrogenic transport as well 
as the existence of various K+ channels coupled to epithelial ion transport is well 
documented (28, 58).   In spite of extensive electrophysiologic studies and the cloning of 
two potassium channels from the shark rectal gland (see section titled “Previous Work on 
the Basolateral Potassium Channel in the SRG”) the identity of the functionally dominant 
potassium channel still remained unknown.   
The goal of the perfusion experiments was to characterize the basolateral K+ 
channels in the SRG through the selective use of various K+ channel blockers.  Inhibitors 
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of K+ channels were chosen based on their putative specificity in blocking specific types 
or families of K+ channels. The response of these inhibitors on chloride secretion in the 
SRG under maximal stimulation with forskolin and IBMX was examined.   In this way 
we were able to narrow our search for the dominant basolateral K+ channel.  The 
knowledge gained from the perfusion experiments of the physiology and pharmacologic 
sensitivities of the SRG guided our cloning efforts and served to streamline our search for 
the molecular identity of the elusive channel.  
 The summarized results from the perfusion studies can be found in Table 2 
(Please refer to Figures 7-13 for the experimental data).  Inhibition of chloride secretion 
by barium chloride confirmed the necessity of basolateral K+ (Fig. 7) channels for 
chloride transport in the current cell model and provided a standard by which to evaluate 
other channel inhibitors.  The lack of inhibition by clotrimazole (59) and charybdotoxin 
(60), known blockers of Ca2+ activated K+ channels in several species, suggests that these 
channels do not play a significant role in the basolateral K+ conductance.  Absence of 
inhibition by tolbutamide (61), phentolamine (62) and low-dose glybenclamide suggest 
that ATP-dependent K+ channels are not the dominant subtype of channel.    This also 
ruled out the KIR 6.1 channel subtype, an ATP sensitive channel previously cloned by 
out lab, as this channel subtype is known to be sensitive to glybenclamide (63).    
Chromanol showed no inhibitory effect ruling out voltage sensitive K channels. 
Lack of inhibition by sotalol (64), TEA, and 3,4 DAP suggests that rapid delayed rectifier 
K+ channels, and KA channels also do not play important roles in the regulation of 
chloride secretion.  Phrixotoxin, which acts on KA channels also had no effect on 
stimulated chloride secretion 
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In contrast to the above inhibitors, quinidine and quinine showed barium-like 
inhibitory effects in both the perfusion studies and cell culture short circuit current 
measurements.  Potassium channel blocker bupivicaine dramatically inhibited chloride 
secretion, while addition of the K+ channel blockers anandamide and lidocaine inhibited 
chloride secretion to a lesser extent.   These results suggested that the 4 TM 2P family 
(41) (65) of potassium channels play a dominant role in the regulation of chloride 
secretion.  More specifically, anandamide has been shown to be a direct and selective 
blocker of TASK-1 channels (66) implicating TASK-1 as a potential dominant 
basolateral channel based on the perfusion data.  Acidic perfusate resulted in dramatic 
inhibition of Cl- secretion.  This further suggested the TASK sub-family of 4TM 2P 
channels that are known to be acid sensitive.  Of note, the effects of quinine, bupivicaine, 
acidic pH, and lidocaine were reversible (see Figures 7 and 11). 
Based on evidence from the perfusion studies, the molecular search for the 
dominant basolateral channel was limited to the 4TM 2P family and a TASK-1 type 
channel was successfully cloned from the shark rectal gland.  When sequenced and 
BLASTed against available sequence databases the full length clone of 1128 bp was 
shown to be 71% homologous on the nucleotide level with the 1188 bp human TASK-1 
protein.   When the shark sequence’s opening reading frame (375 AA) was determined, it 
showed 80% homology with human 394 AA TASK-1.    Kyte-Doolittle hydrophobicity 
plots and ClustalW alignments (Figures 15 and 16) of the shark and human TASK-1 were 
performed to assess conservation in structure among the two proteins.  All major 
structural features of the human protein were conserved in the shark ortholog, including 
the four transmembrane segments (M1-M4), the 2P domains (P1 and P2), short NH2- and 
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long COOH-termini, and an extended extracellular loop between M1 and P1.  The 
percentage of conservation amongst the different regions are summarized in Table 3.  Of 
note the areas of the least conservation are in the second and third cytoplasmic domains 
(70% and 66.9%).  These areas may indicate regions of evolutionary divergence in which 
the shark and human protein developed differing regulatory mechanisms.   
As mentioned TASK-1 belongs to the two-pore, four transmembrane domain 
family of potassium channels which includes the TWIK, THIK, TASK, TREK, and 
TRESK subfamilies.  The first of these cloned from human tissue was TWIK-1 (Tandem 
of P-domains in a Weakly Inward rectifying K+ channel)(67).  The TASK (TWIK-related 
acid-sensitive K+ channel) gene family encompasses 5 members, which encode 
background K+ channels that help set the resting membrane potential.  These channels are 
characterized by their sensitivity to changes in extracellular pH (48).  The TASK-1 
subtype has been identified through mRNA expression studies in human pancreas, 
placenta, brain, heart, lung, and kidney(46).  TASK-1 has also been shown to have 
segment specific expression in the human nephron, being present in the glomerulus and 
distal nephron segments (68).  Initial northern blot experiments indicated their presence 
in epithelial organs including the lung, pancreas, small intestine and colon (48). However, 
to date no studies have described or identified specific physiologic function of these 
channels.  Findings in this study suggest that TASK-1 potassium channel may be 
functionally coupled to CFTR and are responsible for establishing the membrane 
potential required for chloride secretion in the shark rectal gland.  In further investigation 
of the presence of TASK-1 in chloride secreting epethelia, human TASK-1 was cloned 
from human epithelial airway cells.  Immunofluorescence with TASK-1 specific 
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antibodies localized this protein to the basolateral membranes with some apical staining 
also, in shark rectal gland and mouse and human epithelial airway tissues.    
To further characterize the channel, shark TASK-1 was studied via the Xenopus 
expression system.  In these expression studies we correlated the physiology of shark 
TASK-1 with that seen in the perfusion-based inhibitor studies and compared it to that of 
human TASK-1. The heterologously expressed shark and human TASK-1 showed nearly 
identical current voltage relationships (outward rectifying) with a reversal potential near -
90 mV compared to water injected controls (Figure 18).  The inhibitory responses to the 
K2P family inhibitor quinine, and the TASK-1 inhibitor bupivacaine, were identical in 
shark and human TASK-1 (Figures 18 and 19) and corresponded to the effects of these 
inhibitors seen in the perfusion experiments.  However the shark channel was much more 
sensitive than human TASK-1 to inhibition with zinc (Fig. 20).  These findings may 
define a specific cellular toxicity of zinc: inhibition of cyclic AMP mediated chloride 
secretion in the rectal gland model.  Future plans in the Forrest lab include site-specific 
mutagenesis to determine the specific amino acid residues in the channel structure that 
are responsible for this effect of zinc.   
  Both shark and human TASK-1 were inhibited by a decrease in pH, consistent 
with in vitro perfusion studies which show that perfusion with acidic pH inhibits chloride 
secretion.  However, the shark TASK-1 also differed from the human orthologue in its 
response to pH in that the pKa for shark TASK-1 was 7.75 vs. 7.37 for human TASK-1, 
(p<0.001)  These pKa values are exceedingly close to the arterial pH for each species, 
suggesting that TASK-1 channels are regulated closely by the ambient pH.  The 
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differences between pKa values are evidence of the evolution of each species TASK-1 
channel to suit its native environment.   
 
SUMMARY AND CONCLUSION 
The search for the dominant basolateral potassium channel in the shark rectal 
gland has captivated many minds, young and old, since the cell model proposing the 
necessity for potassium recycling across the basolateral membrane was first proposed.  
Through systematic efforts, utilizing the unique in vitro perfusion experiments possible 
with the SRG, a wide array of potassium channel inhibitors were applied to tease out the 
physiology of the elusive K+ channel.  In building this inhibitor sensitivity fingerprint we 
were able to narrow our molecular search for the dominant channel, limiting the 
possibilities to a finite number of physiologically distinct families of channels that were 
acted upon by a set number of inhibitors.  (A wise man once said “When trying to find a 
needle in a haystack it can only help to make the haystack smaller”.)  In this way we were 
able to in effect to indirectly functionally clone the shark TASK-1 channel from the rectal 
gland. 
 The shark TASK-1 protein was found to be 80% homologous to its human 
counterpart at the amino acid level, and possess high levels of conservation in the 
transmembrane and pore domain regions that are the structural namesake for the 4TM 2P 
family.   Shark TASK-1 was further characterized through expression in Xenopus oocytes 
which demonstrated similar responses to inhibitors and acidic pH as seen in the whole 
perfused gland.  Remarkable differences in response to pH and zinc in shark TASK-1 
when compared to human TASK-1 channels were also discovered through these 
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expression studies, demonstrating the power of orthologs from different species to 
discern structure-function relationships of proteins.  Expression of TASK-1 protein in the 
rectal gland was confirmed by confocal immuno-fluorescence using a shark specific 
antibody, showing localization to the basolateral membrane of the tubules. 
All studies have limitations, and I acknowledge the likelihood that the basolateral 
membrane of the rectal gland may very well contain multiple types of K+ conductances.  
However, at present these studies offer convincing evidence that TASK-1 channels have 
a major and probably dominant role in basolateral K+ conductance in the shark rectal 
gland epithelial model.  These studies also provide the first evidence that TASK-1 
channels play a critical role in establishing the membrane potential that drives chloride 
secretion through CFTR.  It is possible that these channels are a site of regulation of cell 
function acting as an on-of switch for chloride secretion in multiple tissues, including 
airway cells and pancreas or even as a modifier gene affecting the phenotypic expression 
of CFTR.  It is of great interest that the first Northern blots of TASK-1 channels show 
high expression in lung and pancreas (48), tissues which contain CFTR and have 
abnormal chloride secretion in cystic fibrosis. 
 The link between human and shark physiology is quite apparent on the cellular 
and molecular level, and work is underway in the Forrest lab studying the role of TASK-
1 channels that were identified here in chloride secreting human epithelial airway cells.  
We have recently demonstrated by immunofluorescence that TASK-1 channels are 
present in mouse and human airway cells and that inhibitors of this channel block 
chloride secretion in cultured human airway cells.  It is hoped that one day health-
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Potassium Channel Subtypes and Their Known Inhibitors 
 
DRUG TARGET CHANNEL(S) 
Barium Chloride Nonspecific inhibitor 







TEA BKCa , KACh  
DAP Voltage Sensitive KA KBB
Apamin SKCa  
Lidocaine TASK-1, TASK-2, TASK-3, KVOL
Quinidine TASK-2, TASK-3, KA, KV® , KVOL, 
TWIK-1 
Quinine TWIK-1, TASK-2 
Halothane TASK-1, TASK-2, TASK-3 Opened 
TREK-1, TREK-2 are Opened 
THIK is inhibited 
Bupivicaine  TASK-1, TASK-2, TASK-3 
Anandamide TASK-1 
Chromanol Voltage Sensitive Kvs





























N = Inhibition of 
Cl- Secretion* 
BaCl2 5 mM 6 ++++ 
Chromanol 200 µM 6 + 
Tolbutamide 100 µM 15 0 
Glybenclamide 1 µM 6 0 
Clotrimazole 10µM 8 0 
Charybdotoxin 50nM 6 0 
Phrixotoxin 12 nM 1 0 
Sotalol 100µM 2 0 
Phentolamine 200µM 8 0 
TEA 10 µM 8 0 
3,4 DAP 1 µM 9 0 
Quinidine  200 µM 6 ++++ 
Quinine  1 mM 6 +++ 
Lidocaine  1 mM 6 ++ 
Bupivicaine  2.5 mM 6 ++++ 
Anandamide  150 µM 6 +++ 
Acidosis PH 6 9 ++++ 
  * legend 
0        no inhibition 
+        0-20 % inhibition 
++      20-40% inhibition 
+++    40-80% inhibition 




















Percent Conservation of Amino Acid and Nucleotide  
Sequence.  
 
(All percentages shown are % human AA conserved in 
 shark TASK-1 sequence) 
 
 PROTEIN DOMAIN  AA CONSERVATION 
Whole Protein 316/394            80% 
Cytoplasmic 1 8/8                     100%   
TM1    21/21                 100%        
P1         23/24                 95.8%      
TM2    19/21                 90.5%        
Cytoplasmic 2     21/30                 70%   
TM3    19/20                 95%            
P2        23/24                95.8%          
TM 4   21/21                 100%           
Cytoplasmic 3       101/151             66.9%          
Human TASK-1    1188 nucleotides in length 
Shark TASK-1       1128 nucleotides in length 



















































Figure 1.  Current Model of the Shark Rectal Gland Cell.   
This model shows the basolateral (right) and apical (left)  receptors, transporters, and 
channels crucial for chloride secretion through CFTR .  Proteins with indicated 
transmembrane domains have been identified by cloning.  The K+ channel in question is 






















FIGURE 2. In Vivo Dissection of the Shark Rectal Gland of Squalus acanthias. The 
shark rectal gland is a digitiform organ that lies in the dorsal mesentery.  The arterial 

































FIGURE 3.  In Vitro Perfusion of the Shark Rectal Gland. 
The gland is placed on a glass perfusion chamber which is maintained at 15 °C with 
running seawater.  The anatomy of this gland is ideally suited for in vitro perfusion 
experiments since the single artery, duct, and vein (labeled in figure) can be easily 

























are needed to see this picture.
                        
                                    Image:  http://www.ipmc.cnrs.fr/~duprat/2p/index.htm#debut 
 
 
FIGURE 4.  Dendrogram of K+ Channels Illustrating Their Diversity and Familial 
Relationships. Potassium channels can be divided into three main structural families 











































FIGURE 5.  Dendrogram of Human 4TM 2P (KCNK, K2P) Sub-Family of K+ 

































FIGURE 6.  Model of the molecular structure of the TASK-1 Channel. 
Shown are the four transmembrane segments, and two pore regions.  P domains are 






























FIGURE 7.  In Vitro SRG Perfusions Illustrating the Effects of BaCl2, pH, 
Bupivicaine and Anandamide on Stimulated Cl- Secretion.  All glands were perfused 
to basal levels for 30 min, then a stimulatory cocktail of Forskolin (1 µM) + IBMX (100 
µM) was added to the perfusate for the remainder of the experiment.  Basal washout 
followed by stimulation with forskolin and IBMX served as the control in all 
experiments.   Panel A: BaCl2, a universal K+ channel inhibitor, was added to the 
stimulatory cocktail from min 50 to min 70.  Panel B:  The pH of the stimulatory cocktail 
was lowered from min 50 to min 70 by addition of HCl.  Panels C, D: Bupivicaine and 
Anandamide, TASK-1 channel inhibitors, were added to the stimulatory cocktail from 
min50 to min 70.  n=10 for controls and n=6 for experimental perfusions. Values are 



















FIGURE 8.  In Vitro SRG 
Perfusions:  Effects of 
Glybenclamide, Tolbutamide, 
and Phentolamine on 
Stimulated Cl-Secretion.  All 
glands were perfused to basal 
levels for 30 minutes, then a 
stimulatory cocktail of Forskolin 
(1 µM) + IBMX (100 µM) was 
added to the perfusate for the 
remainder of the experiment.  
Inhibitors were added from 50 
to 70 minutes.  Panel A) Effects 
of glybenclamide, 1 and 100µM 
(n=4); Panel B) Effects of 
tolbutamide (100µM) (n=15);  
Panel C) Effects of 
phentolamine ( 200µM) on 
forskolin (1µM) +IBMX 
(100µM) stimulated Cl-  
secretion. (n=4 phentolamin , 
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Charybdotoxin on Stimulated Cl- Secretion.  Panel A: Effects of BaCl2 (5mM) and 
clotrimazole (10µM) on forskolin +IBMX stimulated Cl- secretion (representative of 3 
experiments). BaCl2 was added from 50-70 min and showed reversible inhibition.  
Clotrimazole was assed from 90-110 min and showed no effect.   Panel B: Charybdotoxin 
(50nM) added from 50-70 min had no effect on forskolin +IBMX stimulated Cl- secretion 
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FIGURE 10.  In Vitro SRG Perfusion and Cultured Monolayer:  Effects of 
Quinidine on Stimulated Cl- Secretion. Panel A: Effects of quinidine (200µM) on 
Forskolin(1µM)+IBMX(100µM) stimulated chloride secretion in the perfused rectal 
gland (values are mean ± S n=6 quinidine, n=24 controls).  Panel B: Effects of 
quinidine (400µM) added basolaterally on Isc of SRG epithelial cells, representative of 6 
experiments. Panel C: Effect of BaCl2 (5mM) added basolaterally on Isc of SRG epithelial 
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FIGURE 11.  In Vitro SRG Perfusions Illustrating the Effects of Quinine and 
            
 
Lidocaine on Stimulated Cl- Secretion.  All glands were perfused to basal levels for 30 
min, then a stimulatory cocktail of Forskolin (1 µM) + IBMX (100 µM) was added to the 
perfusate for the remainder of the experiment.  Panel A. Quinine was added to the 
stimulatory cocktail from min 50 to min 70.  Panel B. Lidocaine was added to the 
stimulatory cocktail from min 50 to min70  n=10 for controls and n=6 for experimental 
perfusions, unless otherwise noted. 
                 












































FIGURE 12.  Cultured SRG monolayers:  The Dose Dependent Effects of Quinine 
pplied to the basolateral or apical side of cultured SRG cells. 
ne added basolaterally  
a
Effects of increasing concentrations of quinine added apically (Panel A) on Isc of SRG 
epithelial cells, representative of 5 experiments compared to quini









































FIGURE 13.  In Vitro SRG Perfusion:  Effects of Zinc Acetate on Stimulated Cl- 
ecretion.  Effect of ZnAC 100 µM on stimulated chloride secretion in the perfused S
shark rectal gland.  When zinc acetate (100-200 µM) is added to the perfusate (50-70 



























IGURE 14.  Cloning Strategy of Shark TASK-1 Channel.  Panel A: Degenerate PCR 
agments (394 bp) of shark TASK-1 with cDNA template from SRG (lane 7), brain (lane 
F
fr
8), kidney (lane 9), gill (lane 10). Lanes 2-5 represent a degenerate primer pair that did 
not amplify with template cDNA.  (cDNA was omitted in a PCR with the same 
conditions, lane 6 and 11).  Panel B: full length clone, confirmed with nested PCR, lane 
2-1386 bp primary product, lane 3-1282 bp nested product.  (1 Kb plus ladder was run in 
lane 1 of above gels)  Panel C: Cloning strategy for obtaining full-length sequence of 
shark TASK-1.  394 bp fragment from Degenerate PCR identified as TASK-1.  Using 
this sequence, primers were constructed for 5’ and 3’ RACE which yielded a 694 bp 3’ 
product that included the stop codon, and a partial 5’ product of 592 bp.  To obtain the 
remainder of the 5’ sequence Genome Walking (GW) was used to obtain a 428 bp 
product which included the start codon and 334 bp of upstream untranslated region.   
Using this complete sequence information primers were designed to amplify 1282 bp full 










FIGURE 15.  Amino Acid Alignment of Shark and Human TASK-1 Proteins.  
Transm mbrane domains (TM 1-4) and pore domains (P 1-2) are identified with boxes.  e
Cytoplasmic domains are underlined. The GYG/ GFG K+ selectivity motif conserved in 
each pore region is shaded with a gray box.  Human amino acid residues that are identical 
to shark TASK-1 are represented as dots.  Dashes indicate gaps introduced when 






















































FIGURE 17.  Cloning Human TASK-1 from Human Epithelial Airway Cells. 





PCR target sequence spanned two exons, ruling out the possibilities of  amplifica
c DNA contaminent in templates.  The target region cloned in the human TASK-1 
gene and it’s relationship to the exons in the published human TASK-1 sequence is 
shown below.  EXON 1 is the underlined sequence, EXON 2 is not underlined.  The 















































FIGURE 18. TEVC of Shark and Human TASK-1: Effects of Quinine and 
Bupivicaine. Panel A: I-V relationship of sTASK-1 and hTASK-1 in oocytes 
demonstrating identical reversal potentials, current, and outward rectification compared 
to water injected controls. Panel B: Dose dependent inhibition of shark versus human 
TASK-1 by quinine. Panel C: Dose dependent inhibition of shark versus human TASK-1 
by bupivacaine.  Quinine and bupivacaine are relatively specific blockers of TASK-1 and 









































IGURE 19.  TEVC of Shark TASK-1: Dose Dependent Effects of Quinine and 
upivicaine.  Panel A: Dose dependent inhibition of shark TASK-1 by quinine. Panel B: 
Dose dependent inhibition of shark TASK-1 by bupivacaine.  Quinine and bupivacaine 
are relatively specific blockers of TASK-1 and show a similar inhibition of shark and 




































FIGURE 20.  TEVC of Shark and Human TASK-1: Differing Effects of pH and 
ZnAc.  Panel A: Different pH sensitivity in shark and human TASK-1.  The pKa for 
shark is 7.75 and the pKa for human is 7.37.  These differences are highly significant, 
p<0.001.  Panel B: Marked differences to inhibition by zinc in shark and human TASK-1.  
These different inhibitory responses by pH and zinc are in contrast to the similar 









































FIGURE 21.  Western Blot Analysis of Shark Tissues.   
sing commercially available (Sigma) human TASK-1 antibody protein of expected size U




















































FIGURE 22. Confocal Image Showing Membrane Localization of TASK-1 Protein 
 SRG Tubules.  Intense specific staining of the basolateral membrane of tubules was in








































FIGURE 23.  Confocal Images Showing Localization of TASK-1 in Mouse and 
Human Bronchial Airway Epithelial Cells.  Panel A: Confocal image showing 
localization of TASK-1 to the basolateral membrane of mouse bronchial epithelial cells.  
Panel B: Confocal image showing localization of TASK-1 to the basolateral membrane of 
human bronchial epithelial cells.  In these cells Antibody to TASK-1 also binds within 
the cell primarily in the subapical location beneath the actin array.   Green fluorescence is 
TASK-1, red is actin stained with rhodamine phalloidin and blue is the nuclear DNA dye 
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